The chemical composition and antibacterial activity were examined of Libanotis montana Crantz subsp. leiocarpa (Heuff.) Soó. (Apiaceae) essential oil. Gas chromatography and gas chromatography/mass spectrometry were used to analyze the chemical composition of the oil. The antibacterial activity was investigated by the broth microdilution method against thirteen bacterial strains. The interactions of the essential oil and three standard antibiotics: tetracycline, streptomycin and chloramphenicol toward five selected strains were evaluated using the microdilution checkerboard assay in combination with chemometric methods: principal components analysis and hierarchical cluster analysis. Sesquiterpene hydrocarbons were the most abundant compound class in the oil (67.2%), with -elemene (40.4%) as the major compound. The essential oil exhibited slight antibacterial activity against the tested bacterial strains in vitro, but the combinations L. montana oil-chloramphenicol and L. montana oil-tetracycline exhibited mostly either synergistic or additive interactions. These combinations reduced the minimum effective dose of the antibiotics and, consequently, minimized their adverse side effects. In contrast, the association of L. montana essential oil and streptomycin was characterized by strong antagonistic interactions against Escherichia coli ATCC 25922. In the PCA and HCA analyses, streptomycin stood out and formed a separate group.
Bacterial resistance to antibiotics in recent decades has reduced the efficacy of the treatment of infectious diseases worldwide [1] . Thus, a search for new and more sustainable antibiotics is a necessity. Plant extracts and essential oils have become an increasingly important source for the pharmaceutical industry and have great use in medical treatment [2] [3] [4] [5] . The antibacterial activity of essential oils could reflect all the molecules present or only those present in high amounts. Neither bacterial resistance nor adaptation to essential oils has been described and secondary effects have not been confirmed [6] . To enhance the efficacy of antibacterial drugs, their combined use with essential oils is a promising strategy [7] .
The genus Seseli, family Apiaceae, consists of 55 economically important species that are used as foods, spices and preservatives [8] . The Serbian flora recognizes 10 species of Seseli. The genus Libanotis was separated from the genus Sesili. Only one species of the former, Libanotis montana Crantz (moon carrot), grows in Serbia; this has two subspecies: leiocarpa (Heuff.) Soó (selected plant) and montana, [9] . A literature search revealed no data on the antibacterial activity of S. libanotis essential oil, especially in combination with conventional antibiotics. Given the importance of Seseli species in the human diet, the aim of the present study was to examine the chemical composition and antibacterial activity of Libanotis montana Crantz subsp. leiocarpa (Heuff.) Soó. (Apiaceae) essential oil and its synergistic potential with conventional antibiotics. To eliminate any kind of subjective analysis, interpretations and discussions of the results, presented by tables and/or graphics, chemometric methods: principal component analysis (PCA) and hierarchical cluster analysis (HCA) were employed. Furthermore, the use of chemometric methods allows the maximum number of experimental results to be obtained and moreover enables the detection of connections, similarities and differences among variables in the researched experimental system [10] .
The yield of L. montana essential oil was 0.7%, w/w. Based on GC and GC-MS analysis of moon carrot essential oil, 50 components were identified that represented 93.6% of the total detected constituents ( Table 1 ). The components of the essential oil were separated into six classes: monoterpene hydrocarbons, oxygenated monoterpenes, sesquiterpene hydrocarbons, oxygenated sesquiterpenes, phenolic compounds and others. Sesquiterpene hydrocarbons were the most abundant compound class in the oil (67.2%); they were dominated by -elemene (40.4%) and -caryophyllene (6.5%). Oxygenated sesquiterpenes (12.3%) were mainly dominated by α-bisabolol (6.6%) and caryophyllene oxide (2.8%).
The essential oils were tested for their antibacterial activity by the broth microdilution method to determine MIC and MBC values against thirteen model bacteria ( Table 2 ). The results showed that L. montana essential oil possessed slight antimicrobial activities, with MIC values in the range from 337.7 to 43225.6 g/mL and MBC values from 675.4 to 43225.6 g/mL. Gram-positive bacteria were generally found to be more sensitive than Gram-negative ones. The reference antibiotics were active in the following concentration ranges: tetracycline 0.5 to 256.0 g/mL, streptomycin 0.5 to 64.0 g/mL and chloramphenicol 1.0 to 2048.0 g/mL.
The results of the possible interactions between the essential oil and the antibiotics are given in Figures 1-3 . From 135 tested combinations between L. montana oil and the three antibiotics (tetracycline, streptomycin and chloramphenicol), 79 (58.5%) showed synergism, 32 (23.7%) had an additive, and 24 (17.8%) an antagonistic effect. The best antibacterial activities were obtained with the combination of moon carrot oil and chloramphenicol. For this combination, a synergistic effect of 44.3% was recorded, in relation to all the investigated synergistic associations. The highest percentage of the additive effect (40.6%) was registered in the oil/tetracycline combination, while the highest percentage of the antagonistic effect (70.8%) was noted for the oil/streptomycin association. The maximum combination effect of essential oil and antibiotic was expressed toward P. mirabilis ATCC 12453. The results of the checkerboard assay showed a synergistic effect of 77.8%, an additive effect of 18.5% and an antagonistic effect of 3.7% for this bacterial strain. The numbers of combinations that exhibited an antagonistic effect were: K. pneumoniae ATCC 700603 (11.1%), S. aureus ATCC 29213 (18.5%), P. aeruginosa ATCC 27853 (22.2%) and E. coli ATCC 25922 (33.3%).
The combination profiles of L. montana essential oil with tetracycline are presented in Figure 1 . From 45 combinations, 26 (57.8%) showed synergism, 13 (28.9%) had an additive and 6 (13.3%) an antagonistic effect. E. coli ATCC 25922 and P. mirabilis ATCC 12453 showed a synergistic pattern for seven ratios (FIC indices in the range 0.32-0.87). Synergy was also noted when tested against P. aeruginosa ATCC 27853 and S. aureus ATCC 29213 (five ratios, FIC indices in the range 0.54-0.87). Combinations with K. pneumoniae ATCC 700603 indicated additive (four ratios), antagonistic (three ratios) and synergistic effects (two ratios). Synergy was highest for the ratio FIC A 0.1 (FIC 0.54). The combination profiles of the essential oil with streptomycin are presented in Figure 2 . Of all tested combinations, 18 (40.0%) showed synergism, 10 (22.2%) had an additive and 17 (37.8%) an antagonistic effect. E. coli ATCC 25922 showed antagonism for all ratios (FIC indices in the range 1.20-2.80). A predominantly synergistic profile was noted against P. mirabilis ATCC 12453, while P. aeruginosa ATCC 27853 showed a pattern, with six ratios having an antagonistic effect. Synergy was also noted when tested against K. pneumoniae ATCC 700603 (six ratios), and S. aureus ATCC 29213 (five ratios). It is important to emphasize that the first ratio of L. montana oil and streptomycin exhibited antagonism against S. aureus ATCC 29213 (FIC 1.20).
The combination profiles of moon carrot essential oil with chloramphenicol are presented in Figure 3 . A predominantly synergistic profile was noted against all the studied pathogens. Synergy was best noted for 35 (77.8%) ratios, an additive effect was recorded for 9 (20.0%) ratios and only one combination (2.2%) exhibited an antagonistic effect. To evaluate the correlation between the antibacterial activities of the essential oil-antibiotic combinations, the FIC values were subjected to PCA and HCA analysis [4] . PCA and HCA were applied ( Figure 4 ) to all the FIC data ( Figures 1-3 ) in order to evaluate similar antibacterial interactions of the L. montana oil-antibiotic combinations against the tested bacteria. According to the eigenvalues of the obtained correlation matrix, the PC1 horizontal axis explained 81.06% of the total variance among the tested interactions, while the PC2 vertical axis showed a further 11.82% (Figure 4a ). The loading plot ( Figure  4b ) illustrates the influence of the FIC values responsible for the classification of the interaction in the score plot ( Figure 4c ). Based on the Euclidean distance and dissimilarity ≥2.94 (Figure 4d ), the HCA method indicated two groups of interaction (A and B). Group A, constituted only by the association of L. montana oilstreptomycin, was characterized by strong antagonistic interactions against E. coli ATCC 25922. In contrast, in group B, formed by the rest of the examined bacterial strains and L. montana oil-antibiotic combinations, mainly synergistic or additive interactions were detected. The yield of essential oil isolated from the dried flowers of L. montana was higher in comparison with the yield of essential oils of Seseli libanotis from Turkey (0.35%, w/w) and Iran (0.13%, w/w). All three essential oils accumulate sesquiterpenes as the dominant compounds class. The difference between them lies in their main constituent. The oil of L. montana from Serbia had βelemene as its major component, whereas for S. libanotis oil from Turkey it was trans-caryophyllene (20.4%), and for S. libanotis from Iran it was acorenone (35.5%) [11, 12] . The differences between the present study and others could be explained by the fact that flowers without leaves were investigated. On the other hand, slight differences could be expected due to diversities between plants growing in different geographical areas and collected at different stages of vegetation.
Terpenoids have a great affinity for cell membranes and, therefore, a high potential to permeate through cell walls of bacteria. The release of cellular content in treated bacteria led to the hypothesis that the first effect of an essential oil is membrane disruption [13] .
The antibacterial activity of L. montana essential oil displayed significant variation among the different bacterial species but remained much lower than the activities of the standard antibiotics. The antibacterial activity of L. montana essential oil has been mentioned rarely in the literature. Only one work on this topic could be found [14] , but the essential oil composition of S. libanotis was not examined. Based on the obtained results, it was concluded that the oil was most effective against S. aureus. In a study of the antibacterial activity of a methanol extract of the aerial parts of S. libanotis against 107 strains from 52 bacterial species the authors concluded that the methanol extract had a broad-spectrum antibacterial activity, especially against Bacillus species [11] , which corresponds with the present research data. Furthermore, the authors suggest that the antibacterial nature of the methanolic extract is related to the chemical composition of the plants, in particularly to trans-caryophyllene, -farnesene, euasarone and spathulenol. The obtained results could be of interest in relation to the prevention of microbial contamination of foods, which is a similar conclusion arising from the results of the present research. In the current study, a correlation of the antibacterial activity of the oil and its chemical composition suggested that the activity of the oil could be attributed to the presence of high concentrations of β-elemene. β-Elemene and t-cadinol, isolated from the oleo-resin of Commiphora molmol (Engl.) had inhibitory values in the range 64-256 g/mL against S. aureus strains [15] . In the current investigation, it was confirmed that Gram-positive bacteria were more sensitive than Gram-negative ones. Most Gram-negative bacteria are intrinsically less susceptible to many antibiotics than Gram-positive bacteria. This difference could be explained by the presence of an outer membrane in Gramnegative bacteria. The structure and composition of the layer of the cells differ greatly between bacteria. On the outer envelope, the cells may have either polysaccharide capsules or protein layers which protect them in unfavorable conditions and affect their adhesion [16] .
The interaction of essential oils with antibiotics is one of the novel ways to overcome bacterial resistance. Essential oils are combined with antibiotics in order to improve the antimicrobial effect and to reduce the required antibiotic concentration [4] . Bearing in mind the very slight antibacterial activity of L. montana essential oil, the next phase of the research was an estimation of the antimicrobial effect of moon carrot oil in association with the three antibiotics on five bacterial strains. The presented results of the total effects of essential oil/antibiotic combinations fully justifying the purpose of the study and indicated an encouraging fact, i.e., an essential oil with low antibacterial activity may exhibit significant synergistic and additive effects in association with conventional antibiotics. This is even more important if the essential oil is derived from plants used in human diet. The combination of L. montana oil and tetracycline against E. coli ATCC 25922 and P. mirabilis ATCC 12453 exhibited a predominantly synergistic effect and decreased the MIC value of tetracycline 10-fold. In contrast, the oiltetracycline association against S. aureus ATCC 29213 decreased the MIC value of tetracycline 2-fold. Based on the results of the chemometric analyses, it is assumed that in research of the antibacterial effects of essential oil-antibiotic combinations, the choice of Gram-negative or Gram-positive bacterial species is not decisively significant. In other words, the proper essential oilantibiotic association will act equally strongly or weakly against all Gram-positive and Gram-negative bacterial strains. In this case, the outer membrane of the Gram-negative bacteria is not a predominant factor of their resistance. There are some generally accepted mechanisms of antibacterial interaction that produce synergism, including inhibition of protective enzymes, combination of membrane active agents, sequential inhibition of common biochemical pathways and the use of membranotropic agents to enhance the diffusion of other antimicrobials [17] .
As already noted, the combinations of the tested essential oil and streptomycin showed a high percentage of antagonistic effects. A very strong antagonistic effect was especially registered against E. coli ATCC 25922. It should be mentioned that the essential oil in these combinations had no effect on the decreasing of the MIC values of streptomycin. It is interesting that the intensity of the antagonistic effect was more pronounced with increasing content of the essential oil in combination with streptomycin. In a study that investigated the antibacterial interactions of an ethanol extract of Ocimum gratissimum and six antibiotics against Gram-negative bacteria, the authors recorded only antagonistic effects in combinations with streptomycin [18] . The explanation of the mechanism of interactions that produce antagonistic effects has been less studied. Hypotheses discussed in some studies included the use of antibacterial compounds (or mixtures) that act on the same site of the bacteria, and chemical interactions among the antibacterial compounds [19] . Streptomycin exerts its activity by binding to the 16S rRNA of the bacterial ribosome, interfering with the binding of formyl-methionyl-tRNA to the 30S subunit. This prevents initiation of protein synthesis. The overall effect of streptomycin seems to be one of distorting the ribosome so that it can no longer perform its normal functions [20] . By comparing the results obtained for antagonistic effects in this study, only two bacteria, E. coli ATCC 25922 and P. aeruginosa ATCC 27853, appear in numerous combinations. This finding can support the hypothesis that the essential oil and the antibiotics could react with the same bacterial targets. This assumption would relate only to certain bacterial species. In addition, in our opinion, the choice of antibiotics, in terms of their mechanism of action, is an important factor for research of antibacterial activity of essential oil-antibiotic associations.
The combination of L. montana oil and chloramphenicol against all the tested bacteria exhibited a predominantly synergistic effect and decreased the MIC value of chloramphenicol 10-fold, for all the
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Natural Product Communications Vol. 9 (2) 2014 285 tested bacterial strains. Elucidation of the mechanism of antibacterial action based on the synergism of essential oil/chloramphenicol is not simple. All interactions between antibacterial compounds could change the effectiveness and relationships (synergistic, additive or antagonistic) in competition for the possible primary target. On the other hand, a synergistic multi-target effect could occur by involving proteins, enzymes, ribosomes, nucleic acids, receptors and ion channels [21] . Based on the present results, it could be hypothesized that the antibacterial activity and hence the synergistic effect of L. montana essential oil is connected with the high percentage of -elemene, its major component. According to chemical structure, -elemene is a derivative of cyclohexane. It is known that cyclic hydrocarbons impair the growth of bacteria and fungi. Cyclohexane inhibited oxygen uptake by intact cells and isolated mitochondria. Studies on isolated mitochondria showed that ATP synthesis was impaired, as well as the uptake of potassium ions and dissipation of the mitochondrial membrane potential were observed. The final effect of the cyclohexane action was disruption of the permeability barrier of the inner mitochondrial membrane [22] . In this way "the door was open" for the performance of chloramphenicol activity. All these considerations prompted the hypothesis that the components of moon carrot essential oil, with -elemene as the major compound, favor the mechanism of action of chloramphenicol, the main effect of which is inhibition of the bacterial enzyme peptidyl transferase, thereby preventing the growth of the polypeptide chain during protein synthesis [23] . The obtained results indicate that chloramphenicol, not currently used as a therapeutic agent against Gram-negative bacteria, in combination with an appropriate essential oil has significant antimicrobial activity, especially against Gram-negative bacteria. Moreover, its minimum effective dose is significantly reduced, and consequently possible toxic side effects are decreased. If all combinations of the examined essential oil and the antibiotics toward five bacterial strains are taken into consideration, it could be stated that the combinations of moon carrot oil-chloramphenicol and moon carrot oil-tetracycline exhibited mostly synergistic or additive interactions. In contrast, the association of L. montana essential oil and streptomycin was characterized by strong antagonistic interactions against E. coli ATCC 25922. In the PCA and HCA analyses, streptomycin against this bacterial strain stands out and forms a separate group.
Finally, in the present study, the chemical composition of L. montana essential oil was examined and a correlation among the antibacterial activities of the essential oil-antibiotic combinations was realized by the utilization of chemometric methods. It was shown that sesquiterpene hydrocarbons, with -elemene as the dominant constituent, were the most abundant compound class of the essential oil of L. montana from Serbia. The essential oil exhibited slight antibacterial activity against the tested bacterial strains in vitro. On the contrary, associations between L. montana essential oil and standard antibiotics produced predominantly synergistic interactions against selected bacterial strains. These combinations reduced the minimum effective dose of the antibiotics and, consequently, minimized their adverse side effects. The association of moon carrot oil and chloramphenicol produced a very strong synergistic interaction toward all the tested bacteria, especially Gram-negative bacteria, the pharmacological treatment of which is very difficult nowadays. 
Experimental

Plant material and chemicals:
Extraction and isolation of oil:
The flowers (dried and ground) were subjected to hydro-distillation for 4 h, using a Clevenger-type apparatus to obtain the oil. The resulting essential oil was dried over anhydrous sodium sulfate and stored at 4°C.
Gas chromatography, Gas chromatography/mass spectrometry and Identification of compounds:
The GC, GC-MS analyses and identification of oil compounds were performed as previously described [3] . [24] .
Micro-well dilution assay:
A broth microdilution method was used to determine the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) according to the Clinical and Laboratory Standards Institute [24] , as previously described [3] .
Microdilution checkerboard assay:
The microdilution checkerboard method is the technique used most frequently to assess antimicrobial combinations in vitro [25] . Dilutions of L. montana oil and the examined antibiotics were made for evaluation of their combined interactions. The type of interaction was studied on E. coli ATCC 25922, K. pneumonia ATCC 700603, P. mirabilis ATCC 12453, P. aeruginosa ATCC 27853 and S. aureus ATCC 29213. These strains were selected based on their importance in frequently occurring infections. Dilutions from the logarithmicgrowth phase of the bacterial culture were prepared and distributed into microtiter trays containing varying concentrations of the different antibiotics and L. montana oil. The inoculated trays were incubated at 37°C for 24 h and then evaluated for bacterial growth. Determinations of essential oil-antibiotic interactions were based on the median-effect principle and multiple drug effect equation, as described by Chou and Talalay [26] . Three effects can be highlighted: synergetic, additive or antagonist as a result of the combined effects of the L. montana oil and antibiotics. For quantitative purposes the concept of fractional inhibitory concentrations (FIC) is frequently used. In order to assess the activities of combinations of two drugs that are mutually nonexclusive (have different modes of action), the FIC indices were calculated as:
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where MIC A and MIC B are the minimum concentrations of the essential oil and examined antibiotic that inhibited the bacterial growth, respectively. The FIC indices were calculated using CalcuSyn (Biosoft), and the results were interpreted as follows: synergistic (<0.90), additive (0.90≤FIC≤1.10), and antagonistic (>1.10) [27] .
Statistical analysis of data: The experimental data (FIC values)
were analyzed by chemometric methods: principal components analysis (PCA) and hierarchical cluster analysis (HCA), using Mathworks MATLAB.
